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Abstract 
In this review article, scanning tunneling microsco-
py (STM) is presented in a chemical perspective. The 
typical distance from the nucleus of the apex atom of the 
tip to the top-layer nuclei of the sample is 4-6 A, where 
a strong attractive atomic force, i.e., a partial covalent 
bond, arises between the tip and the sample. The origin 
of the covalent bond is the back-and-forth transfer of 
electrons between two atoms, which Pauling has called 
resonance. While a bias voltage is applied between 
them, a net electron current in a specific direction 
arises. This tunneling current is a result of the overlap 
of the tip electronic state and the sample electronic state, 
same as the chemical bond. The imaging process of 
STM can be considered as a sequence of local bond 
forming and bond rupturing. A quantitative understand-
ing of the STM imaging mechanism can be achieved in 
such a chemical perspective. A natural consequence of 
this perspective is that the tip, partially bonded with the 
sample, can play an active role in local chemical reac-
tions. The tip can either involve directly in a chemical 
reaction with the atoms on the sample surface or induce 
local chemical· reactions on the sample surface as a local 
catalyst. 
Key Words: Scanning tunneling microscopy, atomic 
force microscopy, chemical bond. 
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Introduction 
Since John Dalton (1808) scientifically stated the hy-
pothesis of atoms, the concept of atoms and the interac-
tions between atoms have been the cornerstone of mod-
em chemistry (Figure 1). Dalton proposed not only the 
concepts of atoms, but also the "adhesive force" between 
atoms which binds several atoillS together to form mole-
cules. Such an adhesive force is what later becomes the 
concept of the chemical bond. A universal form of the 
chemical bond is the covalent bond. According to 
Linus Pauling (1977), the covalent bond is formed by 
an electron oscillating between two fragments of the 
molecule, which he called resonance. 
The concept of the chemical bond is microscopic in 
nature. However, up to very recent years, the knowl-
edge about chemical bonds is derived from macroscopic 
measurements. The closest to a microscopic study of 
the interactions between atoms and molecules is the mo-
lecular beam experiment. Two beams of atoms or mole-
cules, prepared with well-characterized quantum states, 
are allowed to cross each other in a vacuum chamber. 
The composition and electronic states of the outcome 
beams are then analyzed. To make an analogy, the sci-
entist arranges two dancers to perform a ballet. Because 
of some practical limitation, he could not see what hap-
pens on the stage. After the ballet, he interviewed the 
dancers about their performance. Obviously, the after-
the-stage information is very limited. The dancers may 
ask a logical question of why not watch their perform-
ance on the stage! For a ballet, to watch it on stage is 
simple. Visible light is a superb information medium. 
For individual atoms, the wavelength of the visible light 
is but too large. The X-ray photons are not sensitive to 
outer shell electrons which participate in chemical reac-
tions. The question is, how to obtain information about 
two atoms during their encounter? 
Let us imagine several possible ways to get informa-
tion from two fragments of a molecule during their 
encounter. First, when the two atoms are in a short dis-
tance, an attractive force will occur. If the distance is 
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Figure l. A chart in Dalton's book, published in 1808. 
In modern symbols, these atoms are: 1, H; 2, N; 3, C; 
4, O; 5, P; 6, S; 7, Mg; 8, Ca; 9, Na; 10, K; 11, Sr; 
12, Ba; 13, Fe; 14, Zn; 15, Cu; 16, Pb; 17, Ag; 18, Pt; 
19, Au; 20, Hg. Dalton also proposed that the adhesion 
force between atoms can bring them together to form 
molecules. 
------------------·---
too short, the repulsive force dominates. At larger 
distances, the weak van der Waals force occurs. At me-
dium distances, the attractive force is the chemical bond, 
whose magnitude and dependence on the interatomic 
distance are of primary interest. To enable the force to 
be measured, certain force meter should be attached to 
the molecular fragments. In order to do this, each atom 
must be attached to a piece of solid, such that the force 
can be measured as the force between two pieces of sol-
id. Obviously, at least one of the solid pieces must be 
of a shape of a tip to ensure that only the force between 
two molecular fragments is measured. On the other 
hand, the covalent bond, or according to Lewis, the 
chemical bond, is due to the resonance, or a continuous 
back-and-forth transfer of electrons between two atoms. 
The movement of electrons makes an electrical current. 
By attaching the two molecular fragments with two 
pieces of conductors, and applying a voltage between 
them, a net electrical current should be detected. This 
is the tunneling current. If the relative position of the 
two atoms can be controlled in a three-dimensional way, 
a complete knowledge about the interactions between the 
two molecular fragments can be obtained. 
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Figure 2. Three regimes of interaction in the hydrogen 
molecular ion. (a) At large distances, R > 16 a. u., the 
system can be considered as a neutral hydrogen atom 
plus a proton. The polarization of the hydrogen atom 
due to the field of the proton generates a van der Waals 
force. (b) At intermediate distances, 16 a.u. > R > 4 
a.u., the electron can tunnel to the vicinity of another 
proton, and vice versa. A resonance force is generated, 
which is either attractive or repulsive. (c) At short 
distances, R < 4 a.u., proton-proton repulsion becomes 
important. 
This scenario is but the essence of scanning tunnel-
ing microscopy (STM; Binnig and Rohrer, 1982, 1986) 
and atomic force microscopy (AFM; Binnig et al., 
1986). Such a view of STM and AFM can be character-
ized as a chemical perspective (Baratoff, 1984; Flores 
et al, 1988; Hamers, 1989; Ohnishi and Tsukada, 1989; 
Avouris, 1990; Chen, 1991a, 1991b, 1993). 
Resonance and the Chemical Bond 
The recognition of the relation between the chemical 
bond and electron tunneling is not new. Shortly after 
the discovery of quantum mechanics, Pauling suggested 
a theory of the chemical bond in terms of resonance 
(see Pauling, 1977). The concept of resonance and its 
relation to the chemical bond can be clearly illustrated 
by the example of the hydrogen molecular ion, the sim-
plest of all molecules. If one tears a hydrogen molecu-
lar ion apart, it will become a neutral hydrogen atom 
plus a positive hydrogen ion (a proton). When a proton 
encounters with a neutral hydrogen atom, a chemical 
reaction occurs. 
Figure 2 shows three regimes of interaction in a 
hydrogen molecular ion. At large distances, the system 
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Figure 3. Perturbation treatment of the hydrogen mo-
lecular ion. (a) The exact potential curve and the exact 
energy levels of the problem. (b) Solid curve, the left-
hand-side potential for a perturbation treatment; dotted 
curve, the potential for a free hydrogen atom. (c) Solid 
curve, the right-hand-side potential for a perturbation 
treatment; dotted curve, the potential for a free hydrogen 
atom. 
can be considered as a neutral hydrogen atom plus a 
proton. The electrical field of the proton polarizes the 
hydrogen atom. As a result, a van der Waals force is 
induced. The van der Waals force dominates as the pro-
ton-proton distance R > 8 A. At a distance R < 8 A, 
the ls electron at the vicinity of the right proton has an 
appreciable probability to tunnel into the ls state of the 
left proton, and vice versa. In other words, at almost 
any time, the electron is shared by the two protons. 
This tunneling phenomenon gives rise to a resonance 
and results in a lowering of the total energy (Pauling, 
1977). The resonance gives rise to a bonding state, with 
a lower total energy (attractive force); and an antibond-
ing state, with a higher total energy (repulsive force). 
At even shorter distances, e.g., R < 2.5 A, the repul-
sive force between the protons becomes important, and 
the net force becomes repulsive regardless of the type of 
the electronic states. 
In the following, we discuss the three regimes in 
details. 
van der Waals force 
As shown in Figure 2, at large distances, the system 
can be considered as a neutral hydrogen atom plus an 
isolated proton with a polarization interaction (or van del 
Waals interaction) between them. The van der Waals 
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force can be treated as a classical phenomenon by intro-
ducing a phenomenological polarizability ex. In atomic 
units, the binding energy due to van del Waals force is 
(Landau and Lifshitz, 1977): 
(1) 
Resonance energy 
As shown in Figure 2, at a shorter proton-proton 
separation (R < 16 a.u. or R < 8 A), the electron in 
the ls state in the vicinity of one proton has an apprecia-
ble probability to tunnel to the ls state in the vicinity of 
another proton. Naturally, this problem can be treated 
by a time-dependent Schrodinger's equation, 
i a 'V~~, t) = [ - + v72 + u ]'l'(r, !), (2) 
where U is the potential curve for the hydrogen mole-
cule ion, as shown in Figure 3. 
The concept of resonance can be understood from 
the point of view of time-dependent perturbation. First, 
we start by defining a pair of one-center potentials, UL 
and UR, and the corresponding right-hand-side states and 
the left-hand-side states, which are solutions of corre-
sponding time-dependent Schrodinger's equations: 
a,JtL(r, t) [ J 2 ] 
a1 = -2 'v + UL 'VL(r, t), (3) 
a'l' R(r, 1) [ I 2 ] 
a1 = -2'v +UR 'VR(r,t). (4) 
We denote the ground-state solutions of equation (3) and 
equation (4) as: 
(5) 
(6) 
Now, we look for solutions of equation (2) which are 
linear combinations of the solutions of equation (3) and 
equation (4). In other words, we make the following 
Ansatz: 
Substituting equation (7) into equation (2), one finds that 




The transition matrix element M, is exactly the modified 
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Bardeen integral in tunneling theory (see Chen, 1991b): 
which is evaluated on the separation surface, i.e., the 
median plane (see Figure 3). For the hydrogen molecu-
lar ion, the result is (Holstein, 1955; Herring, 1962; 
Landau and Lifshitz, 1977): 
2 -R 
M = - e Re (11) 
A specific solution of equation (2) now depends on 
the initial condition. If at t = 0, the electron is in the 
left-hand-side state, the solution is: 
This solution describes a back-and-forth migration of the 
electron between the two protons. At t = 0, the elec-
tron is revolving about the left-hand-side proton with a 
frequency f = I E
0 
I !h. Then, the electron gradually 
migrates to the right hand side. At t = 1rl I M I , the 
electron has migrated entirely to the right-hand side; and 
at t = 21r/ I M I , the electron comes back to the left-
hand side, etc. In other words, the electron migrates 
back and forth between the two protons with a frequency 
v = IM I th. Similarly, we have another solution: 
which starts with a right-hand-side state at t = O. 
The linear combinations of the solutions, equation 
(12) and equation (13), are also good solutions of the 
time-dependent Schrodinger equation, equation (2). For 
example, there is a state symmetric with respect to the 
median plane: 
'l'gCr, t) = ['¥1 + '¥2] 
= [ lVL(r) + lVR(r) ]e - i[Eo + M]r, 
(14) 
as well as an antisymmetric state: 
'¥,,(r, 1) = ['¥I - '¥ 2] 
= [tj,L(r)-tj,R(r)]e-i[£o-M]r_ (15) 
Apparently, these solutions represent stationary states 
of equation (2) with energy eigenvalues [E
0 
+ M], and 
[E
0 
- M], respectively. Because both E and M are 
negative, the symmetric state has a lower e~ergy, which 
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Figure 4. Wavefunctions of the hydrogen molecular 
ion. (a) The exact wavefunctions of the hydrogen mo-
lecular ion. Two lowest states are shown. The two ex-
act solutions can be considered as symmetric and anti-
symmetric linear combinations of the solutions of the 
left-hand-side and right-hand-side problems, (b) and (c), 
defined by potential curves in Figure 3. For brevity, the 
normalization constant is omitted. 
The above discussion is a quantitative formulation 
of the concept of resonance introduced by Heisenberg 
(1926) for treating many body problems in quantum me-
chanics. Heisenberg illustrated this concept with a 
classical mechanical model (see Pauling and Wilson, 
1935): two similar pendulums connected by a weak 
spring. According to this classical analogy, the meaning 
of equation (12) is as follows: At t < 0, the right-hand-
side pendulum is held still, and the left-hand-side pendu-
lum is set to oscillate with a frequency I E
0 
1 th. At 
t = 0, the right-hand-side pendulum is released. Be-
cause of the coupling through the weak spring, the left-
hand-side pendulum gradually ceases to oscillate, trans-
ferring its energy to the right-hand-side pendulum, 
which gradually increases its amplitude of oscillation. 
At t = 1rl I M I , the right-hand-side pendulum reaches 
the maximum amplitude, and the left-hand-side pendu-
lum stops. Then, the process reverses. This mechanical 
system has two normal modes, with the two pendulums 
oscillating in the opposite directions or in the same di-
rection, with frequencies [E
0 
+ M]lh, and [E
0 
- M]lh, 
respectively. These two normal modes correspond to 
the symmetric and antisymmetric states of the hydrogen 
molecular ion, respectively, as shown in Figure 4. The 
two curves in part (a) of Figure 4 are the exact solutions 
of the two low-energy solutions of the H2+ problem. 
STM: A chemical perspective 
To a good approximation, these solutions can be repre-
sented by the symmetric and antisymmetric superposi-
tions of the distorted hydrogen wavefunctions, as shown 
in parts (c) and (d) of Figure 4. These wavefunctions 
are defined by the left-hand-side and right-band-side 
potentials (Figure 3). The total coupling energy is the 
sum of the van der Waals energy, equation (1), and the 
resonance energy, equation (11). For the Io-g state, it 
1s: 
9 2 -R 
LiE(la) = -----Re , 
g 4R4 e (16) 
and for the las state, 
Repulsive force 
As shown in Figure 2, as the proton-proton separa-
tion becomes even smaller, the picture of resonance be-
comes obscured, and the proton-proton repulsion is no 
longer screened by the electron. Slater (1963) shows 
that the Morse curve matches the exact potential curve 
with a high accuracy: 
where s
0 
is the equilibrium point, and C is a constant. 
Force and tunneling conductance 
As we have shown in the Resonance energy sec-
tion, the transition matrix element, equation (10), bas 
two meanings. First, it determines the binding energy 
between the two interacting systems. The force is the 
rate of change of the binding energy with respect to 
distance, therefore, 
F =-~ az . (19) 
Next, the tunneling conductance can be calculated 
from the tunneling matrix element through the Fermi 
golden rule (Bardeen, 1960; Duke, 1969). For metals, 
the variation of the tunneling matrix element M and the 
density of states p over the valence band is small in 
comparison with their absolute values. A simple relation 
between the force and the tunneling current can be estab-
lished. Assuming that the width of the valence band e 
for the tip and the sample are approximately equal, the 
density of states is p e-1 for both. The tunneling 
conductance is then 
2 
G 
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Figure 5. Comparison of the theoretical and measured 
forces in STM. The solid curve is the measured de-
pendence of the attractive force by Diirig et al. (1988). 
The dotted curve represents equation (22). Parameters 
used for curve fitting: work function ef, = 4 e V, width 
of valance band e = 5 e V, and f = 1. The origin of 
the abscissa corresponds to G = 10-5 o-1. At very short 
tip-sample distances, the repulsive force occurs, which 
reduces the net attractive force. After Diirig et al. 
(1988). 
where RK = h!e2 = 25812.8 0 is von Klitzing's con-
stant. Experiments have shown that over the entire 
range of STM operation, the tunneling conductance var-
ies exponentially with tip-sample distance, G oc 
exp(-2Kz), where K = (21'Deef,)112/h is the decay constant 
of the surface wavefunction, and ef, is the workfunction 
of the material. Combining equation (19) and equation 
(20), we obtain 
(21) 
The force between a tip and a flat depends on the shape 
of the tip. By defining a dimensionless number of the 
order of unity, the shape factor f, the force is related to 
the tunneling conductance by 
(22) 
For tips with a paraboloidal end, f = 2hr = 0.637; and 
for tips with a conical end, f = 4hr = 1.27. Figure 5 
shows a comparison of equation (22) with experimental 
observations. 
STM Imaging as a Chemical Process 
In the previous section, we have shown that the 
tunneling process in STM is a charge transfer process 
C. Julian Chen 
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Figure 6. Observation of individual 1r bonds by STM. 
On a nascent Si(lOO) surface, every surface Si atom has 
Pz-type dangling bond with it. By saturating the Si(lO0) 
surface with hydrogen, all the Pz-type dangling bonds 
are capped with a hydrogen atom. By heating the hy-
drogen-saturated Si(lOO) surface carefully, a small frac-
tion of the hydrogen atoms are desorbed. The Pz-type 
dangling bonds on the Si atoms are paired to form 1r 
bonds. (a) The filled 7f state which has a symmetric 
structure. This is a typical example of the covalent 
chemical bond which binds atoms together to form mole-
cules and solids. (b) Empty 1r• state which as expected 
exhibits a node between the dimer atoms. (c) Sche-
matics of these orbitals. After Boland (1991). 
between the electronic states of the tip and the electronic 
states of the sample. Consider a simple case that the 
electronic states on each sample atom are approximately 
mutually independent. The tunneling process is deter-
mined by the charge transfer process between the sample 
states and tip electronic state. When a tip state ap-
proaches the sample, the tip electronic state forms a par-
tial chemical bond with an atomic state on the sample, 
thus generating a tunneling current. When the tip moves 
horizontally, it breaks the partial chemical bond with 
that atom. Then, the tip state forms a partial chemical 
bond with the next atom. The condition of keeping the 
tunneling conductance constant means keeping the over-
lap of the tip electronic state and the sample electronic 
state constant. The image corrugation is then deter-
mined jointly by the tip electronic states and the sample 
electronic states. For a given sample surface, the corru-
gation of the image is determined by the "sharpness" of 
the tip state. 
In the following, we discuss the roles of sample 
electronic states and the tip electronic states. 
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Role of sample electronic states 
One of the best illustrations of the importance of the 
sample electronic states in the STM image is the direct 
observation of individual chemical bonds using the STM. 
In the following, we will describe the experimental 
observations of Boland (1991), as shown in Figure 6. 
The experiment was performed on the Si(lOO) sur-
face. On the bare Si(lOO) surface, each Si atom bas a 
Pz-type dangling bond protruding into the vacuum. By 
exposing the Si(lOO) surface with hydrogen, all dangling 
bonds are capped with hydrogen atoms. By mildly heat-
ing up the Si sample, some of the hydrogen atoms are 
evaporated, and the dangling bonds on these Si atoms re-
appear. Boland (1991) found that the dangling bonds al-
ways form pairs. The STM topographic images of those 
pairs look differently at different biases. At a negative 
bias, when the occupied states are imaged, a pair ap-
pears as a single protrusion. At a positive bias, when 
the unoccupied states are imaged, a pair appears as a 
double peak, with a seam in the middle. This is a mani-
festation of the individual chemical bonds in real space. 
At a negative bias, the STM images the bonding state, 
or the 1r-orbital. At a positive bias, the STM images the 
anti bonding state, or the 7f • -orbital. 
Obviously, the STM images of the individual chemi-
cal bonds cannot be interpreted by a single quantity of 
the sample surface, such as the Fermi-level local density 
of states (LDOS). Actually, in this case, the Fermi-level 
LOOS of the sample surface is almost zero, and the im-
ages at different biases are very different; the STM im-
ages can only be explained by the electronic structure of 
the sample surface off the Fermi level, i.e., the sample 
electronic states either below the Fermi level or above 
the Fermi level. 
Role of tip electronic states 
We have shown in the previous subsection that the 
atom-resolved STM images are related to the atomic 
electronic states of the sample surface. Because the 
sample and the tip play an equal role in determining the 
tunneling current, a logical consequence is that the atom-
ic electronic states of the tip should be equally 
important. 
The necessary condition to obtain atomic resolution 
is that the tip ends with a single atom. The electronic 
states of the apex atom depends not only on the nature 
of this atom, but also the configuration of surrounding 
atoms. This explains the often-observed fact that for a 
given sample surface, there are many different STM 
images. Because the electronic states of the apex atom 
still have atomic characters, its electronic states can be 
described in terms of spherical harmonics. In other 
words, the electronic states of the tip atom still can be 
described by quantum numbers land m, and its energy 
STM: A chemical perspective 
level, although some mixing of states and the shift as 
well as the broadening of the energy level are always 
present. For example, in a free atom, because of the 
spherical symmetry, electronic states with different mag-
netic quantum number m are degenerate. For a tip 
atom, because of the strong interaction with the sur-
rounding atoms, the electronic states with different m 
usually have different energy levels. 
A schematic of the wavefunctions of different 
atomic states is shown in Figure 7. 
The s-state (l = 0, m = 0) dominates the electron 
density of alkali metal atoms (such as Na) and alkali-
earth metal atoms (such as Ca) near the Fermi level. As 
shown in Figure 7, the s-state is the bluntest of all 
atomic electronic states. 
The p-states are the dominate atomic states near the 
Fermi level for many commonly used materials such as 
C, Si, and Ge. The Pz (l = 1, m = 0) is omnipresent 
on the surfaces of graphite, germanium, and silicon. As 
shown in Figure 7, the Pz tip state is much sharper than 
the s-wave state. This provides an interpretation of the 
observed atomic resolution in STM (Demuth et al. 
1988). 
The STM tips are made of d-band metals, such as 
W, Pt, and Ir. The different d-states dominate the elec-
tron density near the Fermi level. It was known for 
decades that on W(OOl) and Mo(OOl) surfaces, the dz2 
state dominates the surface electron density near the 
Fermi level (Weng et al., 1978; Postemak et al. 1980). 
On W clusters, there are also dz2 states near the Fermi 
level (Ohnishi and Tsukada, 1989). As shown in Figure 
7, the dz2 tip state is the sharpest. On metal surfaces, 
the atomic corrugation generated by a d.z2 tip state can be 
20 times greater than that from an s-wave tip state 
(Wintterlin et al. 1989; Chen, 1990). 
Because of the interaction of the tip atom with the 
tip stem, the energy levels of the m -;c O tip states are 
split from that of the m = 0 states. Depending on the 
actual condition, either a m = 0 state or the m -;c 0 
states can dominate the electron density near the Fermi 
level. If the tip has an axial symmetry, the state with 
same I m I are degenerate. If the tip does not have an 
axial symmetry, the states with + m and -m might split 
in energy levels. In the first case, the tip electron 
density appears as a ring, with a hole at x = 0 and y = 
0. On metal surfaces, the STM image should be invert-
ed, that is, each atomic site on the sample surface would 
be a depression instead of a protrusion in the topograph-
ic STM image. Such inverted images were often ob-
served (Barth et al. 1990). 
The presence of different d states on a d-band metal 
tip ending with a single atom is demonstrated experi-
mentally by Binh et al. (1992) using field emission spec-
troscopy (FES). Their observations indicated that the 
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Figure 7. Charge density contours of different atomic 
states. The regions with dashed-curve contours have 
opposite phases in the wavefunction from those with 
solid-curve contours. 
-------------------------
FES of the tips ending with a single atom are dramati-
cally different from a free-electron-metal tip, and have 
many different forms. For a free-electron-metal tip, the 
FES has a clear edge near the Fermi level, and the 
shape of the spectrum almost does not change with ap-
plied voltage. For tips ending with a single atom, the 
FES become very different, as shown in Figure 8. The 
edge at the Fermi level disappears. Instead, several 
prominent peaks emerge. The positions of these peaks 
change dramatically with the details of tip structure, and 
varies with applied voltage (Binh et al., 1992). 
The one-sided view that the STM image only de-
pends on the sample surface, and does not depend on the 
tip electronic state, cannot explain the observed atomic 
resolution in STM, and cannot explain the large variety 
of different STM images of the same sample surface 
(see Figure 9). As shown by Tersoff and Hamann 
(1985), on a large scale, if the atomic details of the sur-
face is neglected, and the tip is sharp enough, then the 
one-sided view has some truth in it. During a scan, the 
same tip state encounters a large number of sample 
states. The large-scale features of the STM images are 
determined by the sample only. This is analogous to 
some ballets such as Peter Tchaikovski's The Swan Lake 
or Frederic Chopin's Les Sylphides. In these cases, le 
danseur performs the ballet with Jes cygnes or Jes syl-
phides, which determine the spectacle on a large scale. 
Nevertheless, the performance of the ballet is by no 
means independent of the choice of le danseur. By 
choosing Michael Bareshnikov, Michael Tyson, or chim-
panzee Michael as le da11seur, the ballet would look dif-
ferently. The STM experimentalists take a lot of time 
trying to invite Michael Bareshnikov as le danseur, and 
probably never willing to publish an image (that is, to 
show a ballet) with Michael Tyson or chimpanz.ee 
Michael as le danseur. Although viewing from a kilo-
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Figure 8. Experimental field-emission spectra of a W 
tip with a single protruded atom. The FES of tips with 
single-atom protrusion depends dramatically on the de-
tails of the atomic structure near the apex. These spectra 
consist of well-separated peaks, whose positions depends 
on the applied voltage. After Garcia et al. (1993). 
meter away, Michael Bareshnikov, Michael Tyson, or 
chimpanzee Michael, would look the same (that is, a 
little dot), it does not mean that they would perform The 
Swan Lake or Les Sylphides equally well. In fact, for 
the important role of tip electronic states in STM images 
with atomic resolution, Tersoff and Lang (1990) has 
made a lucid illustration. They showed that the STM 
images from different tip atoms, Na, Ca, Si, Mo, and 
C, are dramatically different. When a Na or a Ca atom 
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Figure 9 (on the facing page). STM images of 4Hb-
TaS2 at 4.2 K. These images were taken during a peri-
od of about 2 hours on the same area of the surface 
under identical tunneling conditions (current = 2.2 nA, 
voltage = 25 mV). These images demonstrate the role 
of tip electronic states on the STM images. After 
Coleman et al. (1990). 
---------------------------------
is the tip atom, the STM images are similar to the pre-
diction of the s-wave tip model (Tersoff and Hamann, 
1985). Nevertheless, real tips are neither Na or Ca, but 
rather transition metals, probably contaminated with 
atoms from the surface (for example, Si and C are com-
mon sample materials). For a Si-atom tip, the p state 
dominates the Fermi-level LOOS of the tip. For a Mo-
atom tip, while the p contribution is reduced, this is 
more than compensated by the large contribution from 
states of d like symmetry. The STM images from a Si, 
C, or Mo tip, as predicted by Tersoff and Lang (1990), 
are dramatically different from the images predicted by 
the s-wave-tip model. 
Tip-Induced Chemistry 
As we have shown, in the normal operation of an 
STM, there is a partial chemical bonding between the tip 
state and the sample state. One would expect that the tip 
would be able to play an active role in inducing chemi-
cal reactions on the sample or with the sample. Two 
types of chemical reactions are reported. The first one 
is the chemical reactions on the sample induced by the 
tip. The second one is the transfer of atoms between the 
tip and the sample. We will describe examples to each 
cases, both were performed on Si(ll 1 )-7x7 surfaces. 
Tip-induced surface chemical reaction 
Lyo and Avouris (1990) showed that the tip can re-
move the OH or H fragments from a Si surface. Their 
experiment is as follows: 
The STM image of the Si(lll)-7x7 surface shows 
that there are dangling bonds on the top-layer adatoms. 
Exposing this surface to water vapor leads to the elimi-
nation of a large number of dangling bonds, as shown in 
Figure 10a. Experimental evidence showed that the 
water molecule dissociated to become OH and H frag-
ments, both can tie up with the dangling bonds. By 
scanning the tip at a bias + 3 V at the sample, the image 
changed. A subsequent image taken at + 2 V shows that 
many of the dangling bonds reappear. Obviously, dur-
ing the scan at + 3 V, many of the OH or H are re-
moved from the Si sites by the chemical actions of 
electronic states of the tip (see Figure 10b). 
STM: A chemical perspective 
Figure 11. Exchange atoms by the STM tip. These-
ries of experiments was performed on Si( 111 )-7X7 sur-
face at room temperature in ultra high vacuum. (a) 
The tip is placed at = 1 A from electronic contact over 
the site indicated by the arrow. (b) A 1.0 V pulse re-
moves 3 atoms leaving the fourth under the tip. (c) 
The first attempt to remove this atom leads to its migra-
tion to the left (see arrow) and bonding as a center ad-
atom. ( d) A second pulse removes this fourth atom. 
(e) A new comer-atom is removed and in (t) it is placed 
back to its original position. After Lyo and Avouris 
(1991). 
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Figure 10. Tip-induced desorption of OH group on 
Si(ll 1)-7x7. (a) STM topograph of a 72x72 A2 area of 
H2O-exposed Si surface. Sample bias +2 V. (b) After 
it has been scanned with sample voltage + 3 V, on many 
of the reacted sites, the dangling bonds reappeared, as 
denoted by N. Moreover, it appears that the adsorbate 
on site B in (a) may have moved to site A in (b). After 
Lyo and Avouris (1990). 
----------------------------·-----
Exchanging atoms between tip and sample 
Another experiment is also demonstrated by Lyo 
and Avouris (1991), see Figure 11. At room tempera-
ture, on Si(l 11}-7x7 surfaces, by applying electrical 
pulses between the tip and the sample, individual Si 
C. Julian Chen 
atoms can be transferred from the sample to the tip and 
vice versa. 
Conclusions 
In summary, we have presented a chemical perspec-
tive for scanning tunneling microscopy. The origin of 
both the tunneling current and the chemical bond is a 
charge transfer process on an atomic scale. This process 
is based on the overlap of the wavefunctions of both 
parties. Thus, the imaging process of STM can be 
considered as a sequence of local bond forming and 
bond rupturing. This point of view provides a heuristic 
interpretation of the observed atomic resolution as well 
as the tip-induced chemical reactions. 
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Discussion with Reviewers 
M. Tsukada: The atom-atom interaction energy would 
be in proportion to I M I for the exact resonance case, 
as discussed here. But for off-resonant cases, for 
instance, (Li-H)+ system, the interaction energy might 
be proportional to I M I 2, and such a case seem to be 
more realistic model of tip-surface system. On the other 
band, I believe, for a realistic continuum model of tip-
surface electronic states, equation (19) is no more valid 
because of other types of interactions as discussed by 
Lifshitz [Sov. Phys. JETP 2, 73 (1956)]. In these inter-
actions, the overlap of tip and surface wave-function is 
not necessary. 
Author: In the case of metal-metal tunneling, the strict 
resonance condition is always valid. In fact, even in the 
classical paper of Bardeen (1960), the resonance condi-
tion Ei = Ej is explicitly stated. Therefore, the reso-
nance energy should be proportional to I M I . If at 
least one of the electrodes is not metallic, the resonance 
condition is no longer valid. The exchange energy is 
thus proportional to the matrix element of the second-
order perturbation theory. There is no direct tunneling 
current. The indirect tunneling current is determined by 
the first Fermi golden rule, which is proportional to the 
square of the matrix element of the second-order pertur-
bation theory. The proportionality relation between the 
resonance energy and the square of the tunneling con-
ductance is still valid. However, the effect is much 
more feeble, usually smaller than the van der Waals 
force. The Lifshitz theory is about the van der Waals 
force, which exists even between insulators. The exper-
imental verification of the Lifshitz theory is always per-
formed by a pair of good insulators, such as mica. Of 
course, in the discussion of atomic force microscopy of 
insulators, the Lifshitz theory is valid, and there is no 
resonance energy. However, for two pieces of metals 
within the distance of tunneling, the adhesive energy (or 
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the exchange interaction) is always much larger than the 
van der Waals energy, which is the circumstance dis-
cussed in this paper. 
V. T. Binh: The importance of the electronic states of 
both the tip and the sample was highlighted in this re-
view paper. The tip electronic states are a function of 
its nature and geometry. Could the author speculate on 
the best type of tip to be used in each of the different 
functions he has enumerated (for imaging metals or 
semiconductor surfaces, for tip-induced chemistry, struc-
ture manipulation, ... ), thus as a guide to experimental-
ists working in STM. 
Author: Although the importance and effect of tip elec-
tronic states are well recognized, the nature of the tip 
electronic structure together with its specific effect on 
images and tip-induced phenomena is one of the central 
but unresolved problems in the field of STM. Actually, 
the ongoing studies of Dr. Binh and his collaborators on 
tip electronic structures may reveal crucial evidences for 
resolving this problem. I hope that this problem can be 
fully clarified in the near future. 
S.M. Lindsay: Julian Chen's lucid review offers a val-
uable perspective on STM: that it can be viewed as a 
process of chemical "bond" formation between tip and 
substrate. It is a valuable perspective which helps to 
embrace some of the true complexities of STM image 
formation while making it much easier to exploit the 
vast body of phenomenological data that the chemists 
can bring to bear on this problem. Chen has expounded 
this view in a brilliant series of papers and used it to 
draw the whole field together in what will be the de-
finitive book on STM for years to come (Chen, 1993). 
I would like to add two points to this review: 
a) These considerations apply to the atomic force 
microscope also. This instrument operates (in the "con-
tact mode") by forming bonds between a probing stylus 
and a substrate. This is illustrated rather dramatically 
by the controlling influence of the adhesion force on the 
resolution and apparent height of small molecules ima-
ged with an AFM (although the tip is nominally an insu-
lator, it can contain surface moieties that "react" with 
the substrate, producing adhesion) [{Yang J, Shao Z 
(1993) The effect of probe force on the resolution of 
atomic force microscopy of DNA. Ultramicroscopy, 50: 
157-170} and {Lyubchenko YL, Oden Pl, Lampner D, 
Lindsay SM, Dunker KA (1993) Atomic force micros-
copy of DNA and bacteriophage in air, water and propa-
nol: The role of adhesion forces. Nucleic Acids 
Research 21: 1117-1123}]. 
b) The modified transfer Hamiltonian approach is 
both useful and pedagogical valuable. It is, however, a 
perturbation theory and will not be valid if the coupling 
C. Julian Chen 
is very strong. In the case of molecular adsorbates, we 
have gained some insight using a tight binding model 
[Lindsay SM, Sankey OF, Li Y, Herbst C (1990) 
Pressure and resonance effects in scanning tunneling 
microscopy of molecular adsorbates. J. Phys. Chem. 94: 
4655-4660]. 
Author: Thank you for your comments. 
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